Circular RNAs (circRNAs) are a large class of noncoding RNAs that have potential regulatory roles in disease pathogenesis and progression. Recently, circRNAs have been found to be expressed in hepatocellular carcinoma (HCC) tissues and involved in the development and metastasis of HCC. However, the significance of circRNAs in peripheral blood mononuclear cells (PBMCs) of HCC patients remains unclear. In this study, RNA sequencing analysis was performed to identify circRNAs from four HCC patients and three healthy controls to determine the expression pattern of circRNAs in the PBMCs and the circRNAs' molecular regulatory networks in HCC pathogenesis. A total of 58 circRNAs were found to be significantly changed (≥2 or ≤0.5-fold) in the PBMCs of HCC patients compared with those of the healthy cases.
| INTRODUCTION
Among the most common malignancies worldwide, hepatocellular carcinoma (HCC) is the most common primary malignancy of the liver and exhibits one of the highest mortality rates. 1 More than 750 000 people are newly diagnosed with HCC every year globally. 2 Although advances in diagnosis, surgical techniques, and liver transplantation have been achieved, the long-term survival of patients with HCC remains poor to date. Moreover, the prognosis after curative resection of HCC has remained unsatisfactory because of a high incidence of postoperative recurrence. 3 Identifying early diagnostic and prognostic biomarkers for metastatic HCC is of paramount importance to overcome these ongoing challenges to human health. Circular RNAs (circRNAs) are a type of endogenous RNA with a stable structure that is widely expressed in mammal genomes. 4 The circRNAs were initially observed in RNA viruses in the 1970s 5 and were considered mere byproducts of splicing in the 1990s. 6 However, the advent of RNA sequencing technology and bioinformatics in the recent decades have led to the novel and extraordinary findings that circRNAs are abundant, conserved, and stable, have a tissue-specific expression pattern in mammalian cells, 4, 7 and are unique noncoding RNA (ncRNA) molecules, with sizes ranging from hundreds to thousands of nucleotides. Although most of the circRNAs discovered to date appear to not encode proteins, the circRNAs in general have been shown to play crucial regulatory roles in a variety of cellular processes and biological pathways, 8 similar to other ncRNAs such as microRNAs (miRNAs) and long noncoding RNAs (lncRNAs). The regulation mechanisms implicated to date include cell proliferation, apoptosis, differentiation, and angiogenesis. 9, 10 A number of studies have also shown a close relationship between circRNAs and cancers, wherein circRNAs could regulate the mRNA activity of target genes by acting as miRNA sponges, promoting or inhibiting the development and metastasis of various cancer types. [11] [12] [13] Collectively, these lines of evidence provide a new direction for exploring circRNAs as targets for the diagnosis and prognosis of diseases. It is well known that under normal physiologic conditions immune cells monitor and clear mutated cells from the body. However, the immune cells can also establish conditions supportive of tumor growth and invasion, such as the proinflammatory environment that develops during chronic inflammation. 14 In this study, we used high-throughput sequencing to identify aberrantly expressed circRNAs in the PBMCs of HCC patients, as compared to healthy controls. The sequencing efficiency was validated by the selected dysregulated circRNAs by quantitative reverse transcription (qRT)-PCR, and the putative circRNA-miRNA-mRNA interaction was predicted for the selected dysregulated circ_0000798. Finally, a receiver operating characteristic (ROC) curve was used to analyze the potential diagnostic and clinical significance of circ_0000798 for HCC.
| MATERIALS AND METHODS

| Sample collection
A total of 102 peripheral blood samples were collected during surgery (72 patients with HCC and 30 healthy controls) between 2016 and 2018 in the Southwest Hospital of the Third Military Medical University (Chongqing, China). The patients had not been treated with radiotherapy or chemotherapy before surgery. Healthy subjects who received a regular physical examination at the Department of Health from the same hospital were recruited as normal control subjects. Fresh peripheral blood samples (10 mL) were collected from all of the subjects in ethylenediaminetetraacetic acid identify dysregulated circRNAs in PBMCs of HCC patients, and its findings suggest that dysregulated circ_0000798 in PBMCs has potential as a convenient biomarker for diagnosing or prognosticating HCC.
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biomarker, circRNAs, hepatocellular carcinoma, high-throughput sequencing (EDTA) tubes. This study was approved and supervised by the ethical committee of the Southwest Hospital. Written informed consent was obtained from all subjects in this study.
| PBMC preparation and total
RNA extraction
Fresh 10-mL peripheral blood samples were collected in EDTA tubes before use in the study procedures. Within 4 hours, PBMCs from each donor were isolated using density centrifugation (700 g for 20 minutes) with the total 10-mL blood sample layered on 5 mL Ficoll-Paque PLUS (Cat. No. 17-1440-02; GE Healthcare, Uppsala, Sweden) at room temperature. The cells were subsequently frozen in TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and stored in liquid nitrogen (−180°C). Total RNA was extracted from the isolated PMBC samples using TRIzol reagent according to the manufacturer's instruction. The quantity of the isolated RNA was measured using a NanoDrop spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).
| Whole transcriptome sequencing
The RNA extracted by TRIzol reagent and having an RNA integrity number of >8.0 was utilized to construct an rRNA depletion library (VAHTSTM Total RNA-seq [H/M/R]; Agilent Technologies) according to the manufacturer's instructions. Whole transcriptome sequencing was performed by NovelBio Corp. Laboratory (Shanghai, China) using a Hiseq ™ XTEN Sequencer (Illumina, San Diego, CA, USA).
The sequencing data were first filtered utilizing domestic Java code (removing the adaptor sequences, reads with >5% ambiguous bases (noted as N), and low-quality reads containing more than 20% of bases with qualities of <20) and then mapped to the human genome (human genome version:
GRCH38.p7 National Center for Biotechnology Information [NCBI]) utilizing HISAT2. 16 
| Data analysis and identification of differentially expressed circRNAs
First, low-quality reads were removed from the raw sequence data. The Unmapped Reads Collection (HISAT2) 17 was then used as the method of mapping to the reference genome (GRCH38.p7 NCBI; utilizing the parameter -hisat2 -p 8 -5 5 -3 5 -min-intronlen 20-maxintronlen 500000 -k 3 -phred33.). Next, the pipeline "acfs2" (publicly available at https://code.google.com/p/ acfs2/) was used to identify candidate circRNA in each sample, according to the procedures described in the published literature. 
| qRT-PCR validation of differentially expressed circRNAs
The dysregulated expressions of six randomly selected circRNAs from our RNA sequencing data were validated by qRT-PCR. For this, cDNA was first synthesized from 1 μg total RNA using a Prime-Script RT reagent kit with gDNA Eraser (TaKaRa, Shiga, Japan). Then, specific divergent primers for each circRNA were designed based on circPrimer1.2 (http:// www.bioinf.com.cn/) and according to the "spliced sequence" of circRNA originated from our sequence data (consistent with circBase [http://www.circbase.org/]) ( Table 1 30 seconds. The human gene GAPDH was used as an internal control. The relative gene expression levels were analyzed by the 2 −∆∆Ct method. Three independent replicates of each experiment were performed.
| Prediction of circRNA-miRNA-mRNA interactions
circRNA binding to a miRNA allows for its indirect regulation of the translation of an mRNA. 4 We utilized miRanda v3.3a
(http://www.microrna.org/microrna/home.do) and RNAhybrid 2.1 (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/) as tools to predict the related target miRNAs and mRNAs for circ_0000798. Ultimately, the graphs of circRNA-miRNAmRNA sharing meaningful correlation interaction networks were drawn using Cytoscape 3.3.0 (https://cytoscape.org/).
| Statistical analysis
In this study, after tested by the one-sample KolmogorovSmirnov test (Table S1 ), the data in Figure 2a ,b were analyzed by t-test with Welch's correction in case of the normal distribution among groups; otherwise, the data were analyzed by Mann-Whitney U-test among groups (Table S2) . The relationship between the differentially regulated circRNA and clinical features were analyzed The up-and down-regulated genes are colored in red and green, respectively. N1, N2, and N3 represent healthy controls, and HCCy15, HCCy19, HCCy14, and HCCy18 represent HCC patients using the chi-square test. Survival analysis was carried out by Kaplan-Meier analysis, and statistical analysis was performed through log-rank test. A ROC curve was computed and the specificity and sensitivity of predictive power was assessed by the area under the curve (AUC) to indicate the diagnostic value of the selected dysregulated circRNA in the PBMCs of HCC patients compared to healthy controls. P < 0.05 was considered statistically significant. All the data were analyzed using SPSS statistical software (version 17.0; SPSS, Chicago, IL, USA).
| RESULTS
| circRNA expression profiling in PBMCs from HCC patients and healthy controls
Based on the result of ACFS circRNA prediction and identification pipeline, the supporting reads for each circRNA was calculated, representing the confidence of the predicted circRNA. Global transcriptome expression analysis detected 5609 distinct circRNA candidates ( Figure 1a ). The size of the circRNAs ranged from 100 to 2100 nt (Figure 1b) . Expression of the circRNAs in HCC patients and healthy controls was measured based on RPKM (mapped back-splicing junction reads per million mapped reads), which demonstrated the normalized intensities from the seven samples (Figure 1c) . The variations in circRNA expression were illustrated according to the volcano plot (Figure 1d ). Hierarchical clustering heatmap analysis displayed a distinguishable circRNA expression profile among the samples (Figure 1e ). These results showed that there was a markedly distinguishable circRNA expression profile in PBMCs between the HCC and healthy controls. Specifically, 58 circRNAs were significantly changed in the HCC patients compared with the healthy controls, of which 21 were up-regulated and 37 were down-regulated in the HCC group (Table S3 ). Significant differences in circRNAs between HCC patients and healthy controls were classified as fold change ≥2 or fold change ≤0.5, P-value <0.05, and false discovery rate <0.05, as determined by having to satisfy both of the above conditions. The RNA-seq data have been submitted to the NCBI Gene Expression Omnibus (GEO), under GEO accession number GSE120663 (https://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?acc=GSE120663).
| Validation of differentially expressed circRNAs by qRT-PCR
To validate the sequencing data, six circRNAs, representing three of the up-regulated circRNAs (circ_0005505, circ_0001394, and circRNA_0000798) and three of the down-regulated circRNAs (circ_0004771, circ_0001074, and circRNA_0067735) ( Table 2) , were randomly selected from the 58 significantly dysregulated circRNAs (Table S1) for validation by qRT-PCR using PBMCs of 72 HCC patients and 30 healthy controls. The results showed that the expression profiles of these six circRNAs were consistent with those from the sequencing results (Figure 2a,b) . Among the six selected circRNAs, circRNA_0000798 showed the greatest stability among all subjects, as compared with the other five circRNAs (Figure 2a,b) . Accordingly, the qRT-PCR product of circRNA_0000798 was then subjected to agarose gel electrophoresis and Sanger sequencing, which demonstrated the expected 86-bp size and correct sequence of the product (Figure 2c,d) . Collectively, these data suggest the accuracy and reproducibility of the RNA sequencing findings.
| circ_0000798 up-regulation is associated with clinical features of HCC
We further selected a representative circRNA, circ_0000798, to investigate its clinical significance, because this circRNA was more stably up-regulated among the 72 patients, as compared with the healthy controls (Figure 2a) . The results demonstrated that there were no significant correlations between circ_0000798 expression in the PBMCs of HCC patients and the patients' sex, age, family history, diabetes, α-fetoprotein, tumor differentiation, lymph node status, and distant metastasis; however, circ_0000798 expression was markedly correlated with tumor size and cirrhosis (P < 0.05) (Table 3) . Moreover, to evaluate the prognostic significance of circ_0000798 expression in HCC, the HCC patients were divided into high-and low-expression groups based on the expression levels of circ_0000798 detected in their PBMCs by qRT-PCR. The results showed that HCC patients with high circ_0000798 expression level had a significantly lower survival rate than those with low circ_0000798 expression (median survival of 10 months vs 28 months; P < 0.0001; Figure 3 ).
| Diagnostic values of circ_0000798 for HCC patients
To assess the potential value of significantly and differentially expressed circ_0000798 for HCC diagnosis, a ROC curve was computed to describe the circ_0000798 expression in discriminating HCC patients from healthy controls according the expression of fold changes of circ_0000798 in all samples. The results showed that the AUC of circ_0000798 reached 0.703 (95% confidence interval [CI]: 0.604-0.803; P = 0.001), indicating that circ_0000798 in PBMCs could separate the patients with HCC from the healthy controls, and the circ_0000798 expression level might have potential clinical significance as a tumor marker (Figure 4 ). In order to further explore the potential functions of circ_0000798 in PBMCs of HCC patients, we performed a circRNA-miRNA-mRNA network analysis in which the immune-related mRNAs from our RNA-seq data were selected ( Figure 5 ). We found that there were several potential target mRNAs of circ_0000798, mediated by the predicted miRNAs through "sponging" mechanisms. The predicted target mRNAs include the well-known effector molecules of immune cells, such as IFNG, IFNGR2, IL17RA, TNFAIP, and ICAM1. In addition, the predicted target mRNAs also include the regulatory molecules in immune cells, mainly the transcription factors involved in the regulation of the proliferation, activation, and apoptosis, such as FOS, BCL3, BCL2A1, BCL6, SOCS, and SGK1.
| DISCUSSION
Hepatocellular carcinoma is a high-incidence malignant tumor, and most HCC patients are diagnosed at advanced stages of the disease, when there is tumor cell metastasis or diffusion. This advanced stage of disease at diagnosis causes a delay in treatment and supports poor prognosis. 19 Recently, studies have found that circRNAs are important members of the ncRNA family in different species.
20,21
The development of high-throughput sequencing technology has increased our understanding of the role and the molecular mechanism of circRNAs in human diseases, especially in cancer, 22 and has promoted the development of these RNAs as a novel biomarker for cancer diagnosis. 23, 24 In this study, circRNA sequencing was used to identify differences in the circRNA expression profile of PBMCs between HCC patients and healthy controls and has demonstrated the possible involvement of differentially expressed circRNAs in HCC pathology. Compared with miRNAs and lncRNAs, circRNAs are widely expressed in human cells and more stable in mammalian cells, 9 which endows circRNAs with the potential to be ideal biomarkers for human diseases. In the present study, to explore novel biomarkers of HCC, we first explored the expression profiles of circRNAs in PBMCs between four HCC patients and three healthy individuals (controls) by high-throughput RNA sequencing. A total of 58 circRNAs were found to be significantly dysregulated (21 up-regulated and 37 down-regulated) in the HCC patients compared with the healthy controls. The expression of six randomly selected circRNAs (circ_0005505, circ_0001394, circRNA_0000798, circ_0004771, circ_0001074 and circRNA_0067735) were further analyzed by qRT-PCR and confirmed as being consistent with the sequencing data. Early diagnosis is the key to successful treatment and improved prognosis for HCC patients. 25 circRNAs might be novel biomarkers, and have already been reported as helpful biomarkers for several diseases, including cancers such as gastric cancer, acute myeloid leukemia, pancreatic ductal adenocarcinoma, and lung cancer. 15, 16, 26, 27 As such, they should be helpful for the diagnosis of HCC as well. Shang et al. 25 found that circ_0005075 was up-regulated in HCC tissues and its expression was positively related to the tumor size in HCC. In the current study, we found that several circRNAs were significantly up-or down-regulated in PBMCs from HCC patients, among which circ_0000798 was selected for further investigation. As expected, circ_0000798 was confirmed as being markedly up-regulated in the PBMCs of 72 HCC patients by qRT-PCR. Prognostic analysis of circ_0000798 in these 72 HCC patients using Kaplan-Meier analysis indicated that the up-regulated circ_0000798 was always associated with larger tumor size and malignant cirrhosis. Furthermore, the survival rate of HCC patients with high circ_0000798 expression was significantly lower than those with low circ_0000798 expression. The AUC indicated that circ_0000798 had the potential to assist in the diagnosis for HCC. Together, these data indicate that circ_0000798 might be markedly correlated with poor prognosis in HCC.
Recently, many studies have indicated that circRNAs could function as a tumor regulator in HCC. For instance, Yu et al. 28 showed that the expression level of Cdr1as was up-regulated in HCC tissues, silencing of which could suppress the proliferation of HCC cells (SMMC-7721 and HepG2). Qin et al. 12, 29 found that down-regulation of hsa_circ_0001649 in HCC cells significantly increased the mRNA level of matrix metallopeptidases 9, 10, and 13, promoting the metastasis of
The correlation between circ_0000798 expression and hepatocellular carcinoma patients' survival rate was analyzed using Kaplan-Meier survival curves and log-rank tests
F I G U R E 4
Analysis of the sensitivity and specificity of circ_0000798 as a novel hepatocellular carcinoma (HCC) marker by receiver operating characteristic (ROC) curve. The ROC curve was computed using the expression of fold changes of circ_0000798 in all samples to describe the circ_0000798 expression in discriminating HCC patients from healthy controls HCC. Zhu and colleagues 30 demonstrated that the circRNA, circ_0067934, promotes tumor growth and metastasis in HCC through regulation of the miR-1324/FZD5/Wnt/b-catenin axis. All these findings strongly support the notion that circRNAs play important roles in tumor progression. In our latest study, presented herein, we used RNA-seq data to construct a circRNA-miRNA-mRNA network in order to predict the potential functions of circ_0000798 in PBMCs of HCC patients. We found that the potential target mRNAs of circ_0000798 include the well-known effector molecules of immune cells, such as IFNG, IFNGR2, IL17RA, TNFAIP, and ICAM1. Moreover, the predicted target molecules also include molecules that have been verified to function in immune cells, such as FOS, SOCS, SGK1, and BCL family members. For instance, an earlier study found that after activation by mTORC2, SGK1 promoted T helper type 2 differentiation by negatively regulating degradation of the transcription factor JunB mediated by the E3 ligase Nedd4-2, and that mice with selective deletion of SGK1 in T cells were resistant to experimentally induced asthma, as a result of a substantial IFN-γ increase in response to viral infection and more readily rejected tumors. 31 In addition, Li et al. 32 reported that the mRNAs of SOCS family genes could be marked by m6A, increasing the levels of mRNAs and proteins of SOCS family members in Mettl3-deficient naive T cells. The up-regulated SOCS family activity subsequently inhibited IL-7-mediated STAT5 activation and T-cell homeostatic proliferation and differentiation.
| CONCLUSION
This study is the first to assess circRNAs expression in PBMCs from HCC patients and compare the data with that from healthy controls. Bioinformatics analysis indicated that the up-regulated expression of circ_0000798 was closely related to the development of HCC. Furthermore, circ_0000798 may be helpful for HCC diagnosis or acts as an independent prognostic biomarker for HCC patients. These observations and verifications have potential clinical significance, as dysregulated circRNAs such as circ_0000798 are potential diagnostic markers in HCC patients. In addition, bioinformatic analysis revealed that circ_0000798 could be involved in the pathophysiology of HCC by regulating the functions of peripheral immune cells and the consequent occurrence and progression of HCC. The predicted functions of this study's identified circ_0000798 in PBMCs of HCC patients should be further characterized with loss-and gainof-function experiments in the future, which are expected to give further insight into how circ_0000798 exerts its functions on HCC by acting as a miRNA sponge. 33 
